Nitric oxide (NO) has emerged as a key-signaling molecule affecting plant growth and development right from seed germination to cell death. It is now being considered as a new plant hormone. NO is predominantly produced by nitric oxide synthase (NOS) in animal systems. NOS converts L-arginine (substrate) to citrulline and NO is a byproduct of the reaction. However, a similar biosynthetic mechanism is still not fully established in plants as NOS is still to be purified. First plant NOS gene (AtNOS1) was cloned from Arabidopsis suggesting the existence of NOS in plants. It was shown to be involved in hormonal signaling, stomatal closure, flowering, pathogen defense response, oxidative stress, senescence and salt tolerance. However, recent studies have raised critical questions/concerns about its substantial role in NO biosynthesis. Despite the ever increasing number of NO responses observed, little is known about the signal transduction pathway(s) and mechanisms by which NO interacts with different components and results in altered cellular activities. A brief overview is presented here. Proteins are one of the major bio-molecule besides DNA, RNA and lipids which are modified by NO and its derivatives. S-nitrosylation is a ubiquitous NO mediated posttranslational modification that might regulate broad spectrum of proteins. In this review S-nitrosylation formation, catabolism and its biological significance is discussed to present the current scenario of this modification in plants.
Nitric oxide (NO) is a free radical gas having highest diffusion coefficient for any biological molecule. Earlier, NO was recognized as a component of environmentally polluting NOx complex (NO 2 and NO) but in 1987, when endothelium derived relaxing factor (EDRF), which causes relaxation of blood vessels, was shown to display identical chemical behavior as NO, it gave birth to an idea of NO as a biologically relevant signaling molecule. From then on, intensive research on NO biological function followed worldwide. In 1992, NO was recognized by Science magazine as the "Molecule of the Year" and in 1998, three NO research pioneers (Robert F. Furchgott, Louis J Ignarro & Farid Murrad) won the noble prize in medicine for their discoveries proving NO as a signaling molecule in the cardiovascular system", since then it has become one of the most vigorously researched molecules of biological chemistry.
NO is a water and lipid soluble gaseous free radical. It contains an unpaired electron in its p 2 orbital, but remains uncharged. Its chemistry is an inter-play between the 3 redox-related species Nitric oxide radical (NO), Nitrosonium cation (NO + ) and Nitroxyl anion (NO -). Addition of electron from NO + to NO -decreases the bond order, vibrational energies and increases bond length (Fig. 1) . Each of these partially reduced/reactive nitrogen species possesses its own particular reactivity (Stamler et al., 1994) . In biological systems, NO reacts with O 2 , O 2 -and transition metals (Me + /2 + ), generating NOx, peroxynitrite (ONOO -) and metal-NO adducts respectively. The reaction of NO with O 2 results in the generation of NOx compounds which can either react with cellular amines or thiols or hydrolyze to form the end metabolites nitrite (NO 2 -) and nitrate (NO 3 -) (Wendehenne et al., 2001) . NO can mediate several complex chemical reactions many of which are shown to be associated with biological effects of NO.
NO is considered as a 'do it all' molecule that plays a point out some important facts about the animal enzyme, which is better worked out than its plant counterpart. Nitric oxide synthase was first identified and described in 1989. It has three isoforms. The first isoform to be purified was brain NOS, followed by inducible NOS and finally endothelial NOS. The physiological involvement of NO in neuronal transmission, control of vascular tone, immune response induced cytostasis as well as the deleterious effects associated with altered levels of NO synthesis has made NOS the focus of research. However, a similar biosynthesis mechanism in plants is still debatable and controversial. The NOS like activity is ubiquitously present in bacteria, fungi to higher plants like Arabidopsis (Guo et al., 2003) , soybean (Modolo et al., 2002) , tobacco (Durner et al., 1998) , pea (Barosso et al., 1999) , maize (Ribeiro et al., 1999) and Lupinus (Cueto et al., 1996) . NOS-like activity was detected by utilizing the activity assays, NOS inhibitors and cross reactivity with antibodies against mammalian NOS proteins by western blotting. Although, western blotting detected many unrelated proteins also (Butt et al., 2003) .
First plant NOS gene (AtNOS1) was cloned from
Arabidopsis supporting the existence of NOS in plants (Guo et al., 2003) . It encoded for a 561 amino acid protein which was similar to a protein implicated in NO synthesis in snail Helix pometia. It was also similar to a group of hypothetical bacterial proteins that have putative GTP binding or GTPase domains as in H. pomatia. The bacterial over-expressed gene product generated NO from L-arginine. NOS activity in the Atnos1 mutant was 25% of the wild type. Wild and mutant plants were incubated in DAF-2DA which gave strongest NO production at root tips in the wild type whereas in mutants it was greatly reduced suggesting the involvement of AtNOS1 in NO synthesis. The phenotype of mutants indicated the role of AtNOS1 in overall plant growth and development, fertility, leaf expansion, stomatal movement and hormone signaling. Guo and Crawford (2005) have demonstrated that AtNOS1 is targeted to mitochondria and is required for arginine dependent NO production in mitochondria of plant cell.
However, recent studies have raised critical questions about AtNOS1. NOS activity by citrulline and Griess reagent assays could not be detected in recombinant purified proteins obtained from cloning AtNOS1 and its orthologous genes from rice and maize. TLC analysis of the end products produced by [ 14 C] arginine also did not detect citrulline with recombinant AtNOS1 protein even though a NADPH dependent activity was present (Crawford et al., 2006) . Also, the Griess reagent assay failed to show NO production. Although the control reactions with NO donor and with animal iNOS showed Fig. 1 . Reactive forms of NO in biological systems. NO • (NO radical) is rapidly oxidized by the removal of one electron to give nitrosonium cation (NO + ), or reduced by the addition of one electron to form nitroxyl anion (NO • ), which are highly reactive entities interacting with bio-molecules and manifesting the effects of NO. (Source Lamattina et al., 2003) .
crucial role right from seed germination to cell death. Most of the information about function of NO in plants has come from pharmacological studies using various NO donors, scavengers and NOS inhibitors. Application of NO donors and inhibitors has provided evidence for role of NO in physiological processes like wound healing (Paris et al., 2007) , stem elongation (Qu et al., 2006) , cell wall metabolism (Pacoda et al., 2004) , accumulation of ferretin transcripts (Murgia et al., 2004) , growth and reorientation of pollen tube (Prado et al., 2004) , root organogenesis (Correa-Aragunde et al., 2004) , stimulation of seed germination and counteracting inhibitory effects of heavy metals and salinity (Kopyra and GwoZdz, 2003) , regulation of ion channels of guard cells , improving internal Fe 3+ availability (Graziano et al., 2002) , senescence (Cheng et al., 2002) , plant cell death , defense gene induction (Durner et al., 1998) etc. NO is also involved in abiotic stresses. NO production was observed in response to several abiotic stressors such as high temperature, osmotic stress or UV-B in tobacco leaf cells (Beligni et al., 2001; Gould et al., 2003) . Despite its involvement in these processes, NO could not be considered as a universal plant stress response as its production is not observed following mechanical or light stress up to 400 µmol m -2 s -1 , thus it was attributed a status of a generalized stress hormone (Gould et al., 2003) . Due to its multifunctional activities in plants, NO is now being considered as a new candidate plant hormone (Beligine et al., 2001) .
Biosynthesis of Nitric oxide
NO is predominantly produced by nitric oxide synthase (NOS) using L-arginine as substrate. In order to understand the status of NOS in plants it is worthwhile to the expected absorption shift characteristic of NO binding to heme domain of soluble guanylyl cyclase (sGC), but with AtNOS1 no such shift was obtained. The finding that AtNOS1 did not exhibit NOS activity in vitro suggests an indirect/ direct involvement of it in NO biosynthesis. Evidence still indicates involvement of AtNOS1 in NO synthesis as the Atnos1 mutant had a reduced capacity to produce NO. Summing up these reports, AtNOS1 was suggested to be renamed as AtNOA1 (NO associated 1) (Crawford et al., 2006) . However, Guo (2006) has attributed this discrepancy to low AtNOS1 activity in comparison to mammalian eNOS and iNOS respectively. An animal like NOS is still an enigmatic and controversial NO source in plants. Absence of any gene/ homolog similar to animal NOS in Arabidopsis genome further adds to the plant NOS controversies. Zemojtel et al., 2004 found close homologs of A. thaliana and H. pomatia NOS in all sequence metazoans by PSI-BLAST searches. The alignment of these proteins with other eukaryotic sequences revealed homology and highly conserved sites. Lately, a novel family of putative NOS is described which is ubiquitous and includes AtNOS1 as a plant member. Intriguingly, these recent reports hint at the possibility of a novel arginine dependent NO source to be involved. These proteins display no homology to animal NOSs and contain a centrally positioned GTP binding domain (Zemojtel et al., 2006) . A mammalian ortholog of AtNOS1 from mouse (mAtNOS1) was cloned and was found to be subcellularly localized in the mitochondria by immunofluorescence.
Regardless of all the controversies it is shown that AtNOS1 (or AtNOA1) is involved in hormonal signaling, stomatal closure, flowering, pathogen defense response, oxidative stress, senescence and salt tolerance (Guo et al., 2003; He et al., 2004; Zeidler et al., 2004; Guo et al., 2005; Zhao et al., 2006; Zhao et al., 2007) . In Arabidopsis, NOS1 has a protective role against oxidative stress damage and dark induced senescence as suggested by nos1 mutant analysis. NO regulates flowering time in Arabidopsis thaliana by controlling the expression of flower timing genes (He et al., 2004) . AtNOS1 is an important source of NO for signaling as well as plant defense responses (Zeidler et al., 2004) . It is involved in providing bacterial disease resistance in Arabidopsis. Gene expression studies in LPS (lipopolysaccharide) treated Arabidopsis plants suggest a link between LPS induced NO production and defense or stress associated genes (including glutathione stransferases, cytochrome P-450 and many genes encoding PR proteins). AtNOA1 (in previous studies it was referred to as AtNOS1) activity is associated with salt tolerance in Arabidopsis plants (Zhao et al., 2007) . On treatment of plants with NaCl, the mutants showed higher Na + to K + ratio, increased inhibition of root elongation and seed germination, lower survival rates and higher accumulation of H 2 O 2 compared to wild type plants.
In spite of multiple NO responses observed, little is known about the mechanisms by which NO manifests these responses resulting in altered cellular activities. The understanding about its synthesis and regulation of plant NOS still in its infancy and it remains poorly characterized in plants. This knowledge is pre-requisite to understand the role of NOS in various cellular signaling processes. The biochemical and physiochemical characterization for nitric oxide synthase like enzyme in Brassica juncea seedlings provides evidence for existence of an arginine dependent enzymatic source of nitric oxide. It is activated by calcium, light and abiotic stresses. The enzyme activity was also enhanced by a phorbol ester (a protein kinase C activator) in vitro and in vivo. Further activation of the enzymatic activity by phorbol ester in presence of calcium suggests that calcium dependent protein kinase C isoform could be involved in modulating NOS like activity. Activation by sodium orthovanadate (tyrosine phosphatase inhibitor) suggests for the first time regulation of a plant NOS by phosphorylation involving key regulators protein kinase C, calcium and tyrosine phosphatase (unpublished work).
Other enzymatic source of NO apart from NOS-like enzyme is nitrate reductase, which is analyzed in many plant species like cucumber (Haba et al., 2001) , sunflower, spinach, maize (Rockel, 2002) , Arabidopsis (Desikan et al., 2002) , wheat, orchid, aloe (Xu et al., 2003) , tobacco (Planchet et al., 2006) and Chlamydomonas reinhardtii (Sakihama et al., 2002) . Another enzyme responsible for NO production, identified only in tobacco roots till date is nitrite: NOreductase (Ni-NOR), which is an endogenous source of NO in plants (Stõhr et al., 2001) . Other NO producing enzymes identified in plants are xanthine oxidoreductase, peroxidase, cytochrome P450 and hemeproteins which could also contribute to NO formation (Rio et al., 2004) . Non-enzymatically, NO may also be formed by chemical reduction of NO 2 -at acidic pH (Wendehenne et al., 2001 ). Such non-enzymatic NO formation was observed in apoplast of barley aleurone cells (Bethke et al., 2004) . Once NO is generated in the system it reacts with biological molecules like DNA, RNA, lipids and proteins to manifest its effects.
Nitric oxide signaling
Despite the ever increasing number of NO responses observed in plants, meager is known about the signal transduction pathway(s) and mechanisms by which NO interacts with different components and results in altered cellular activities. This is due to dynamic nature of NO and the labile nature of nitrosylated species. In animals, NO stimulates signaling either through cyclic guanosine monophosphate (cGMP) dependent or independent pathways (Fig. 2) . cGMP dependent signaling involves reaction of NO with transition metal (Fe 2+ ) in soluble guanylyl cyclase, which leads to production of cGMP and initiation of downstream signaling .The current scenario of cGMP dependent and independent signaling is summarized in the following sections.
cGMP dependent signaling
NO activates cGMP production via interaction with soluble guanylyl cyclase (sGC). It reacts with the iron in the heme moiety of sGC, inducing a conformational change that results in enzyme activation, which in turn leads to formation of second messenger cGMP from GTP (Hancock, 1997) . Binding of NO to the heme group is reversible and GC is turned off when NO gradient is dissipated. Presence of cGMP in plants was confirmed by mass spectroscopy and radio-immunoassay. cGMP is degraded by phosphodiesterase (PDE). The presence of cGMP-PDE enzyme activity is shown in many plants (Newton et al., 1999) and several PDE genes exist in the Arabidopsis genome.
While many of the cGMP-mediated processes in plants are reported, no plant molecule with GC activity is identified. Recently a motif search of Arabidopsis genome based on conserved and functionally assigned amino acids in the catalytic center of GCs one candidate is found that contains the adjacent glycine-rich domain typical for GCs. It is termed as AtGC1 and has catalytic domain in its N-terminal part. AtGC1 has arginine / lysine that participate in H-bonding with guanine and the cysteine that confers substrate specificity for GTP (Ludidi et al., 2003) . Reports suggest that cGMP is required during ABA-and NO induced stomatal closure in pea and Arabidopsis (Neill et al., 2003) . Also, NO and cGMP act as second messengers in the Indole Acetic acid -induced adventitious rooting process in cucumber and defense gene induction (PR-1, PAL) in tobacco (Durner et al.,1998) . Therefore it is evident that cGMP dependent signaling may be relevant in plants. Existence of downstream targets and their participation in biological functions confirms this observation. Few NO mediated cGMP dependent signaling components are known in plants and animals including cyclic nucleotides, calcium ions, and protein kinases. These are briefly described here.
$ cGMP induced Protein Kinases
A common downstream target of cGMP in mammalian cells is cGMP-activated protein kinase (Wendehenne et al., 2001) . Signal transduction mechanism operating during IAA and NO induced adventitious root formation shows the involvement of mitogen activated protein kinase (MAPK) cascade (Pagnussat et al., 2004) . NO induced activation of MAPK is reported in tobacco (Kumar and Klessig, 2000) and Arabidopsis (Clarke et al., 2000) . NO activated protein kinase in tobacco was identified as SIPK, a Salicylic acid (SA) -activated mitogen activated protein kinase (MAPK) and SA was required for NO activation of SIPK (Kumar and Klessig, 2000) . The NO activated protein kinase in Arabidopsis is not yet identified, but it has characteristics of a MAPK (Clarke et al., 2000) .
$ Cyclic nucleotide gated ion channels (CNGCs)
These are ion channels that are activated by binding of cyclic nucleotide to channel protein. Presence of several cyclic-nucleotide gated ion -channels are shown in plants including those that respond to cGMP (Neill et al., 2003) but information about role of NO in regulation of these channels through cGMP is not available. 
$ cADPR and Ca

2+
Cyclic ADP Ribose (cADPR) is a calcium-mobilizing second messenger in animals that activates calcium release from a discrete subset of membrane vesicles. cADPR also induces Ca 2+ release from plant endoplasmic reticulum and vacuoles (Leckie et al.,1998) . This increase in Ca 2+ concentration leads to the activation of many downstream Ca 2+ regulated processes. It was shown that Ca 2+ is a core component of ABA induced stomatal closure with NO as an essential intermediate (Neill et al., 2002a) . Also NO and cGMP mediated IAA induced adventitious rooting involves increase in cytosolic Ca 2+ in cucumber .
It was observed that effect of NO was not completely blocked by drugs that inhibit sGC suggesting contribution of cGMP independent effects in NO signaling.
cGMP independent signaling
Acting in a cGMP independent manner NO can modulate all major macromolecules like DNA, proteins and lipids. It can mediate post-translational modifications of proteins, which is one of the mechanisms of cellular signaling. These modifications include (i) S-nitrosylation of thiol groups, (ii) nitration of tyrosine, tryptophan groups (biological nitration), (iii) oxidation of thiols and tyrosine and (iv) binding to metal centers (Gow et al., 2004) . Fig. 3 depicts the potential protein modifications by NO. In addition to proteins, NO induces oxidative and nitrative damage to nucleic acids and lipids (Wendehenne et al., 2001) . It is reported that as such NO itself is not very reactive with DNA but Reactive Nitrogen Species (RNS) are potent DNA-damaging agents which can cause alkylation, deamination, oxidation and nitration of nucleobases and single and double strand breaks leading to increased mutations (Sawa et al., 2006) . NO is also a potent inhibitor of lipid peroxidation and low-density lipoprotein oxidation. It is seen that nitrated membrane lipids and lipoprotein can transduce NO-signaling reactions and mediate pathways for anti-inflammatory lipid signaling (Kalyanaraman 2004) . S-nitrosylation which is redox based modification and plays a central role in NO signaling is described here, in detail.
S-nitrosylation
Many protein functions are regulated by phosphorylation and redox based signaling. Phosphorylation is a major regulatory switch in signal transduction pathways while redox based mechanisms are being described recently. Basic difference between phosphorylation and S-nitrosylation is that phosphorylation is enzyme driven whereas Snitrosylation is achieved through a non-catalysed chemical modification of protein residues. In addition to its reversible nature, S-nitrosylation shares some common features with phosphorylation except that it is an enzyme independent, redox-sensitive, labile modification (Mannick and Schonhoff 2002) .
S-nitrosylation is a ubiquitous NO derived posttranslational modification that serves as a major effector of NO mediated biochemistry regulating broad spectrum of proteins. Due to its redox capacity, NO is able to nitrosate many nucleophilic sites on proteins including amines, aromatic rings, alcohols and thiols. Snitrosylation is the transfer of a NO + equivalent on a free SH group of a protein leading to formation of nitrosothiol (RSNO); this reaction is fully reversible (Broillet 1999) . NO can be covalently incorporated into cysteine thiols, tryptophan indols and amines, but studies of free-SH groups by radioactive SH modifying reagents, ultraviolet visible spectrometry and electro spray ionization-mass spectrometry have demonstrated that cysteine residues are rapidly nitrosylated while reactions with other amino acids occur at much slower rates, therefore formation of S-nitrosothiol bond by cysteine thiol nitrosylation is considered most important due to its reactivity under Fig. 3 . Potential known targets of NO mediated cGMP independent signaling. Acting in a cGMP independent manner NO can mediate post-translational modifications of proteins, which is one of the mechanisms of cellular signaling. These modifications include (i) S-nitrosylation of thiol groups, (ii) nitration of tyrosine, tryptophan groups (biological nitration), (iii) oxidation of thiols and tyrosine and (iv) binding to metal centers. Also NO can nitrate lipids and DNA (Gow et al., 2004) . physiological conditions and its influence on many protein functions. S-nitrosylation solely depends on the chemical reactivity between the nitrosylating agent and the target, which in turn depends upon their localization and concentration. In the following section the formation of S-nitrosothiols, specificity motifs, catabolism and their importance would be detailed to provide insight into this modification.
$ S-nitrosothiol formation
S-nitrosothiols (SNO) are moieties on proteins in which a sulfur atom from cysteine or homocysteine reacts with NO to form S-NO bond. SNO can be formed by three pathways:
1. via formation of higher oxide of nitrogen through auto oxidation of NO. 2. via direct reaction of NOS derived NO or NO equivalents with target protein followed by electron abstraction. 3. via catalysis at metal centre.
In addition, SNO are also formed via transnitrosation reactions. During direct reaction of NO with protein thiols, SNO formation is a two step reaction, firstly NO directly reacts with reduced thiol to produce a radical intermediate RSNOH [1] . Then this reduces an electron acceptor to produce S-nitrosothiol [2] . Under aerobic condition oxygen acts as the electron acceptor and is reduced to produce superoxide (O 2 -) (Gow et al., 1997) .
Transnitrosation is a process by which an NO is transferred from one molecule to another, this transfer could be either between thiol groups or to nitrogen or carbon containing groups although former is preferred.
Above discussion shows that SNO can be synthesized by a number of mechanisms under physiological conditions, but to participate in signaling mechanism it must have some specificity so that only required proteins can become S-nitrosylated; here S-nitrosylation sensitive motifs in proteins play a crucial role.
$ Specificity of S-nitrosylation
To be physiologically relevant any modification must follow temporal as well as spatial resolution and should be specific so that only specific subset of proteins must be either activated or inhibited. Specificity of Snitrosylation is brought by compartmentalization of Snitrosylation reaction and presence of S-nitrosylation sensitive motifs in proteins.
Compartmentalization
Cytosol contains reducing agents, like glutathione and ascorbic acid, which make the SNO bond unstable, therefore S-nitrosylated proteins are stored in membranes, vesicles and in interstitial spaces protecting them from cellular reductants, pH shifts, pO2 shifts, transition metals etc. This compartmentalization is beautifully depicted in animal system by caspase activation during apoptosis (Mannick et al., 2001) . Using a combination of fluorescence labeling methods, elimination of functional mitochondria and electron transport inhibitors it was shown that S-nitrosothiol formation appears to be localized principally to mitochondria and that intact mitochondria are required for optimal S-nitrosothiol formation (Yang and Loscalzo, 2005) . Also in another recent study using immuno gold electron microscopy, with anti-S-nitrosocysteine antibodies, it was shown that S-nitrosylated proteins were present in distinct cellular compartments such as endoplasmic reticulum and vesicular membrane structure near the Golgi complex (Greco et al., 2006) . This type of sub cellular compartmentalization is yet to be deciphered in plant systems.
S-nitrosylation sensitive motifs
Although a protein can have several cysteine residues, which could undergo S-nitrosylation but only a few are susceptible to it. Inspection of known S-nitrosylated proteins revealed that the target cysteine residue lies within an acid-base or hydrophobic structure motif . However few recent studies have raised questions about presence of such consensus motif. Study by Taldone et al. (2005) revealed that there is no profound effect of the primary sequence of surrounding amino acid residues on the reactivity of cysteines towards S-nitrosylation at peptide level. All the peptides independent of the amino acid surrounding the cysteine residue underwent rapid S-nitrosylation. It was suggested that rather 3D microenvironment of reactive thiol could provide enhanced nitrosative reactivity (Taldone et al., 2005) . Also another study by Hao et al., 2006 supported the above view of absence of linear Cysflanking motif. While a recent study by Greco et al., 2006 supports the view of presence of acid/ base motifs in enhancing cysteine reactivity towards S-nitrosylation. Sequence analysis of S-nitrosocysteine containing peptides revealed the presence of acid/ base motifs, as well as hydrophobic motifs surrounding the identified cysteine residues. Thus studies with other Snitrosylated proteins are required to define the features that predict S-nitrosylation specificity of the reactive cysteine (s).
Similar to S-nitrosothiol synthesis through multiple pathways, their catabolism is also mediated by a number of factors (enzymatic or non-enzymatic) as discussed below.
$ S-nitrosothiol catabolism
Unlike phosphorylation, S-nitrosylation is a labile covalent modification and its effects are reversed by denitrosylation, just as dephosphorylation reverses the effects of phosphorylation. Therefore like phosphorylation/ dephosphorylation, nitrosylation/ denitrosylation act as on/off switch regulating the protein function. S-nitrosothiols are exceptionally labile as a result of their reactivity with intracellular reducing agents such as ascorbic acid and glutathione as well as reduced metal ions especially Cu (I) and have tissue halflife ranging from seconds to few minutes. Although these are stable at 37°C (pH 7.4) in the presence of transition metal ion chelator (Singh et al., 1996) . Denitrosylation of S-nitrosolthiols could either be enzymatic or non enzymatic. Enzyme mediated decomposition of Snitrosothiols involves participation of enzymes like xanthine oxidase, Protein disulfide isomerase, Copper and Zinc superoxide dismutase, Glutathione dependent formaldehyde dehydrogenase, Thioredoxin reductase and γ-Glutamyl transferase (Miersch and Mutus 2005) .
Non enzymatic denitrosylation occurs due to cellular reductants, pH and pO2 shifts, transition metals, thiols, and light also denitrosylate proteins. Altering the redox environment of a protein or translocating a protein from a subcellular compartment that allows stable S-NO or metal-NO bond formation to a redox environment of which is unfavorable for SNO bond also causes denitrosylation. Several inorganic processes can also break the SNO bond. These include photolytic cleavage as well as cleavage caused by reactions with inorganic copper, mercury or iron. Studies have shown that in the presence of NO, Cu 2+ ion induces a fast S-nitrosation of bovine serum albumin and human hemoglobin, and this reaction is prevented by thiol blocking reagents. During this reaction, Cu 2+ is accumulated and causes destabilization of the S-nitrosothiols formed (Stubauer et al., 1999) . In another study it was shown that lower concentration Fe 2+ favored formation and stabilization of S-nitrosothiols however higher concentrations (higher than 10µM) abolished the effect. A mechanism was proposed according to which such opposite effects of iron on S-nitrosothiols were determined by the ratio between SNO, thiols, iron and NO in the reaction system (Vanin et al., 1997) . In addition to copper and iron, calcium was also shown to regulate S-nitrosylation and denitrosylation of tissue transglutaminase (tTG). In the presence of Ca 2+ , upto 15 cysteines were nitrosylated resulting in an inhibition of its activity. Addition of ≥1mM Ca 2+ to nitrosylated tTG resulted in its denitrosylation. Also addition of other divalent ions, Mg 2+ and Sr 2+ (≥ 1mM), caused release of NO groups from nitrosylated tTG (Lai et al., 2001) . However, these inorganic reactions are likely to be of little physiological relevance as: free copper and mercury, are nearly undetectable in cell. Thus, enzymatic processes appear to be the most important determinant of SNO concentration in cells.
Importance of S-nitrosothiols
Since the discovery of S-nitrosothiols (SNOs) in biological systems research focus has shifted to analyze specific proteins in detail. Thiol modification by reactive oxygen species such as H 2 O 2 is already recognized as a potential signaling mechanism in plants (Neill et al., 2002b) . Since thiol residues and disulphide bridges are important for tertiary protein structure, reversible modifications of thiol groups and formation of disulphide bridges may have effect on protein activity similar to protein modifications by reversible phosphorylation. S-nitrosothiols provide stabilization and transport of highly reactive agent i.e. NO in the organism. Also S-nitrosylation of thiols accelerates their oxidation as well as their reactivity.
More that 180 S-nitrosylated proteins are identified in plants and animals, belonging to versatile functional classes including various metabolic enzymes cytoskeleton proteins, stress related proteins, redoxrelated, signaling/regulatory proteins etc. Many proteins are identified but information about functional modification of each describing whether S-nitrosylation is inhibiting or enhancing the enzyme activity or leading to some structural modification would be important in understanding their biological roles.
NO modulates the biological function of many intracellular signaling proteins by S-nitrosylation including N-methyl D aspartate receptor, protein kinase C, caspase-3, NFKB, AP1, Ras, c-Jun N-terminal kinase / stress-activated protein kinase (JNK1) etc. In a study by Park et al., 2000 an increase in S-nitrosylation of JNK1 in RAW246.7 cells by NO was reported. NO inhibited JNK1 in intact cells and negatively regulated JNK/SNAP pathway. Barrelt et al., 2005 showed that S-nitrosylation inhibited the activity of PTPases. Both these reports suggest the role of NO in controlling many signaling cascades running in the cell.
In a recent study by Wang et al., 2006 regulation of endocytosis by NO via S-nitrosylation of dynamin was shown. Dynamin is involved in vesicle trafficking including endocytosis and pathogen invasion. It was shown that S-nitrosylation of a single cysteine residue activates dynamin, suggesting that pathogenic microbes and viruses may induce S-nitrosylation of dynamin to facilitate cellular entry. In another report it was shown that function of Protein-disulphide isomerase (an important protein involved in preventing neurotoxicity) was inhibited by NO through S-nitrosylation leading to neurodegenerative disorders (Uehara et al., 2006) . In addition to these recent reports many earlier reports have shown S-nitrosylation of several proteins in animals (see Martínez-Ruiz and Lamas, 2004; Hess et al., 2005) .
Relatively, recent reports have also started to accumulate showing regulation of plant proteins by Snitrosylation. Sokolovski and Blatt 2004 reported that NO can affect the gating of K + , Ca 2+ and Na + channels through S-nitrosylation of K + channel or a closely associated regulatory protein in Vicia faba. Snitrosylation was shown to play an important role in plant disease resistance (Feechan et al., 2005) . Snitrosoglutathione (GSNO) is the reservoir of NO bioactivity in vivo and is the molecule responsible for Snitrosylation. S-nitrosoglutathione reductase (GSNOR) metabolizes GSNO regulating both the levels of GSNO and S-nitrosylated proteins in vivo. In Arabidopsis thaliana AtGSNOR1 mutant had increased SNO levels and plant defense responses were disabled making the mutant plant susceptible to diseases. Also it was demonstrated that AtGSNOR1 positively regulates the signaling network controlled by the salicylic acid. Thus concluding that GSNOR could be an important molecule in S-nitrosothiol metabolism by controlling not only the cellular levels of GSNO but also the levels of Snitrosylated proteins. Lindermayr et al., 2006 have shown molecular mechanism for regulation of Methionine adenosyltransferase (MAT) in Arabidopsis via Snitrosylation. MAT catalyses the synthesis of Sadenosylmethionine (SAM), a substrate of polyamines and ethylene. Three isoforms of MAT were cloned from Arabidopsis and effect of NO was tested on purified recombinant proteins. It was demonstrated that treatment with GSNO reduced the activity to 30% of MAT1 while other two isoforms (MAT2 and MAT3) were not significantly affected. Using site directed mutagenesis and mass spectrometry analysis, cysteine-114 of MAT was pointed as the critical cysteine residue undergoing S-nitrosylation and regulating the activity. Ethylene is an important plant hormone regulating important processes of maturation and senescence. Both NO and ethylene have opposite effects, NO helps in extending the shelf life of fresh horticultural products by reducing ethylene production. Present study suggests that the inhibition of MAT1 activity through S-nitrosylation results in inhibition of ethylene synthesis.
Earlier reports have shown that NO delays programmed cell death (PCD) and was speculated to be an endogenous modulator of PCD in barley aleurone cells . Metacaspases (caspases related proteins present in plants) are involved in regulation of PCD. In a recent study it was shown that activity of metacaspases in Arabidopsis thaliana is suppressed by S-nitrosylation but once mature these become insensitive to S-nitrosylation (Belenghi et al., 2007) . Increase in total S-nitrosylation content during salinity stress was observed in olive leaves (Valderrama et al., 2007) . Subjecting olive leaves to 200mM NaCl caused an increase in NO production, total Snitrosothiols and tyrosine nitrated proteins, suggesting role of NO during major abiotic stress i.e. salinity. All these reports suggest S-nitrosylation can act as an important post-translational modification and its reversible nature qualifies it as a candidate to act as on off switch like phosphorylation controlling activity of many proteins.
Our work on identification of S-nitrosylated proteins from Kalanchoe pinnata (a CAM plant) and Brassica juncea, using Biotin switch assay has revealed proteins including enzymes for carbon, nitrogen and sulfur metabolism, cytosketeton, stress related and proteins involved in photosynthesis as the targets of Snitrosylation (Table 1) . Out of these kinesin-like protein, glycolate oxidase, UDP glucose 4 epimerase and DNA topoisomerase II are the novel targets reported for the first time for any organism (unpublished work).
Ribulose-1,5-bisphosphate carboxylase / oxygenase (Rubisco), which is the most abundant protein and is responsible for the important process of carbon fixation, was shown to be a target of S-nitrosylationin K. pinnata. In addition, its activity was modulated by S-nitrosylation (unpublished). Treatment with S-nitrosoglutathione (NO donor) reduced Rubisco carboxylase activity in a dose dependent manner whereas treatment with reduced glutathione did not show much effect on the activity suggesting that free thiols are required for Rubisco carboxylase activity. This post translational modification of Rubisco might provide us with tools to modify this sluggish enzyme to enhance its carbon fixation capacity and perhaps help in efficient carbon sequestration leading to reduction in the global warming in future. This is an example of the functional analysis of one target of S-nitrosylation, other targets of S-nitrosylation include proteins from many important functional categories like metabolic enzymes, proteins involved in photosynthesis, signaling, cytoskeletal, stress related proteins etc, thus making S-nitrosylation a powerful mechanism to regulate activities of these in plant metabolism.
Research on S-nitrosylation in plants has initiated just a few years back. Accumulated evidences clearly suggest its significant regulatory effect on plant metabolome as newer targets are being discovered at a rapid pace. Since this area of research is in its infancy. Presence of multiple targets clearly supports it as an important post translational modification like phosphorylation. In years to come, once complete S-nitrosoproteome is deciphered and physiological significance of all the targets is established its regulatory role would be as significant as phosphorylation.
FUTURE PERSPECTIVES
Presently the studies in NO signaling are focusing on identification of entire consortium of NO responsive proteins including S-nitrosylated, tyrosine nitrated proteins etc. But still a lot of information in the field of NO research in plants is required. Detailed analysis of all the targets of NO would help us in understanding the NO signaling in a comprehensive manner. Once the targets are identified future studies should focus on analyzing the activities of most important targets under natural as well as under 'nitrosative' and other abiotic stress conditions.
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